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Abstract
The availability of choline during critical periods of fetal development alters hippocampal
development and affects memory function throughout life. Choline deficiency during fetal
development reduces proliferation and migration of neuronal precursor cells in the mouse fetal
hippocampus and these changes are associated with modifications in the protein levels of some cell
cycle regulators and early differentiation markers. We fed C57 BL/6 mouse dams diets deficient or
normal in choline content from days 12 to 17 of pregnancy, and then collected fetal brains on
embryonic day 17. Using laser-capture micro-dissection we harvested cells from the ventricular and
subventricular zones of Ammon’s horn and from the prime germinal zone of the dentate gyrus
(hippocampus). In the ventricular and subventricular zones from the choline deficient group, we
observed increased protein levels for kinase-associated phosphatase (Kap) and for p15INK4b (two
cell cycle inhibitors). In the dentate gyrus, we observed increased levels of calretinin (an early marker
of neuronal differentiation). In fetal brain from mothers fed a choline deficient diet, DNA global
methylation was decreased in the ventricular and subventricular zones of Ammon’s horn. We also
observed decreased gene-specific DNA methylation of the gene (Cdkn3) that encodes for Kap,
correlating with increased expression of this protein. This was not the case for p15INK4b or calretinin
(Cdkn2b and Calb2, respectively). These data suggest that choline deficiency-induced changes in
gene methylation could mediate the expression of a cell cycle regulator and thereby alter brain
development.
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INTRODUCTION
Choline, an essential nutrient (1), is a required substrate for various molecules needed for the
structural integrity and signaling functions of cell membranes, acetylcholine synthesis and
methyl-group metabolism (2). Choline, via its metabolite betaine, methylates homocysteine to
form methionine (3). Methionine is the precursor for S-adenosylmethionine (AdoMet), which
is the physiological methyl-group donor for protein, RNA and DNA methylation (4).
Prenatal or postnatal dietary choline supplementation enhanced memory in rodents and these
changes lasted throughout their lives (5-10). Conversely, dietary choline deprivation during
pregnancy decreased memory performance in offspring (10). We previously reported that these
changes were related to neuro-anatomical changes in the hippocampal areas that are known to
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regulate memory (11-13) and that feeding mothers choline deficient diets during pregnancy
decreased the concentrations of phosphocholine and phosphatidylcholine in fetal mouse
hippocampus (13). Choline-deprived primary neurons from cortex and hippocampus, as well
as rat PC12 (pheochromocytoma) and human IMR-32 (neuroblastoma) cells, had increased
apoptosis and decreased cell proliferation compared to cells grown in a control medium with
choline (14-16). In rodents exposed to choline deficiency during their fetal development, we
previously reported diminished cell division and increased apoptosis in the neuroepithelial
layer of the fetal septum (11) and fetal hippocampus (11,13). Choline deficient diets fed to
dams also increased the expression, in fetal brain, of some markers and regulators of neural
proliferation and differentiation such as TOAD-64 (a marker for neuronal differentiation),
p27Kip1 (a cyclin-dependent kinase inhibitor), TGFβ1 (a growth factor) and calretinin
(calcium binding protein expressed in GABA-ergic neurons, and a marker for early neuronal
differentiation) (12,17-19).
Methylation of the cytosines within cytosine-guanosine sites (CpG sites) of the promoter region
of genes regulates gene expression (epigenetic regulation) (4). Often this methylation occurs
in CpG sites within regions that have a higher incidence of CpG repeats than expected (CpG
islands) (20). Changes in dietary availability of methyl-groups can induce stabile changes in
gene expression and resulting phenotype (21,22).
Based on our previous studies in neuroblastoma and pheochromocytoma cells, we suggested
that, in part, the mechanism mediating the effects of choline on neuronal proliferation involves
altered global DNA methylation and specifically hypomethylation of the promoter region of
the cyclin-dependent kinase inhibitor 3 (Cdkn3) gene, with subsequent modulation of the
expression of this gene, the kinase-associated phosphatase (Kap) (16). In order to determine
whether choline-mediated changes in gene methylation observed in vitro had relevance for
effects of dietary choline in fetal brain, we isolated the hippocampus from fetal mice
(embryonic day 17, E17) whose dams were dietary choline-deprived versus from controls.
Cells obtained by laser-capture microdissection (LCM) from the main proliferation area
(Ammon’s horn ventricular and subventricular zones), and from the dentate gyrus of the
hippocampus were used to study changes in protein levels of two cyclin-dependent kinase
inhibitors (Kap and p15INK4b) and in calretinin (a calcium-binding protein expressed as
neurons differentiate) and related these to changes in DNA methylation of their respective
genes (Cdkn3, Cdkn2b and Calb2).
MATERIALS AND METHODS
All reagents and materials were purchased from Sigma-Aldrich, St. Louis, MO if not otherwise
specified.
Animals
Timed-pregnant C57 BL/6 mice (obtained on pregnancy day 6-9 from Jackson Laboratory,
Bar Harbor, ME) were used in all experiments according to a protocol described elsewhere
(13). The mice consumed water ad libitum and AIN-76A purified diet (containing 1.1 g/kg
choline chloride; Dyets, Bethlehem, PA) until embryonic day 12 (E12) when they were
randomly assigned to one of the two feeding groups (n = 5/group). The choline-deficient group
received AIN-76A diet containing no choline chloride, and the control group received
AIN-76A diet containing 1.1 g/kg choline chloride. All pregnant mice received the special
diets from the morning of day E12 until the morning of day E17.
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On gestational day 17 pregnant mice were anesthetized with a single injection of 0.03 mL
ketamine (100 mg/mL) and 0.02 mL xylazine (20 mg/mL) (Henry Schein Inc., Melville, NY,
USA) subcutaneously and the mice were kept on a heating pad to maintain body temperature.
The uterine horns were exposed by a midline abdominal incision and the fetuses were removed
individually for perfusion. The chest cavity of the fetus was opened and approximately 2 mL
of perfusion fixative containing 4% formaldehyde and 0.2 % glutaraldehyde (Polysciences,
Inc., Warrington, PA, USA) were injected into the fetal heart. The fetuses were decapitated
and the fetal skull was opened for post fixation overnight in the perfusion fixative. Fetal brains
were then stored in 0.1 mol/L phosphate buffer, pH 7.4. The fetal brains were embedded in
paraffin and 5 μm coronal serial sections were cut and applied on glass slides for histological
and immunohistochemical assays. Since there is a posterior to anterior gradient of neurogenesis
in fetal mouse brain, the paraffin sections were reviewed at the time of sectioning to ensure
that they included anatomically reproducible areas of the hippocampus as defined by a standard
atlas of the developing brain (23) (Figure 2D). For each condition (choline deficiency and
control), five randomly selected male fetal brains, each from a different dam, were used.
Specimens from the same fetal brains were used for both immunohistochemical analysis and
for the assessment of DNA methylation status.
Immunohistochemistry
Selected slides containing sections including the hippocampus were specifically labeled for
global DNA methylation, p15INK4b, calretinin or Kap protein expression. Paraffin-embedded
slides were first incubated at 60°C for 10 minutes, then deparaffinized in xylene 3 times for
25 minutes each. The sections were gradually rehydrated in absolute ethanol, 70% ethanol with
0.25% NH4OH for 1 hr, and then 50 % ethanol. Global DNA methylation was assessed by
immunostaining for 5-methyl cytosine content of the DNA, according to a protocol described
elsewhere (24), using a purified rabbit Anti-5mCytidine Polyclonal Antibody (cat# CP 50250,
Megabase Research Products, Lincoln, NE) and a secondary Alexa-Fluor donkey anti-rabbit
antibody (cat# A31573, Molecular Probes, Eugene, OR). For calretinin, p15INK4b and Kap
staining, the following primary antibodies were used: Calretinin Cat.# sc-11644 (Santa Cruz
Laboratories; Santa Cruz, CA), p15 Cat. #sc-1429 (Santa Cruz) and Kap Cat. # K32120
(Transduction Laboratories; San Diego, CA), diluted 1/200 in Blocking Buffer (Sigma, Cat. #
B-6429). Slides were incubated overnight at 4°C. The following fluorescent secondary
antibodies were used: Alexa-Fluor Cat. #A21468 and Cat.#A31573 (Molecular Probes) at a
1/200 dilution. All staining procedures were done according to protocols described elsewhere
(12,13,19). Negative controls consisted of slides from the same specimens, where the
incubation with the primary antibody was omitted. Slides were counterstained for nuclear DNA
with diamino-phenylindole (DAPI), 0.1 μg/mL in phosphate-buffered saline (PBS) for nuclear
DNA.
Image analysis
Images were acquired with an Olympus BX50 microscope using 10x or 20x objectives, with
optical filters for UV light and red channel (above 600 nm). The protein levels were measured
by assessing the Optical Density (OD) of each selected area (on images collected with the 20x
objective) followed by background subtraction, and divided by the number of cells for each
selected area, using the ScionImage software (Scion Corporation). The background OD was
determined using similar areas on slides used as negative controls. Finally, the average value
of OD/cell for each image from the same sample was computed. Five different fetuses were
used for each condition.
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Laser-Capture Microdissection and Bisulfite modification
In order to select a specific homogenous population of cells, we used Laser-Capture
Microdissection (LCM; PixCell LCM II system, Arcturus Engineering, Mountain View, CA).
We collected cells in the Ammon’s horn ventricular and subventricular zones (as anatomically
defined in a neuroanatomical atlas (25)), and cells in the prime germinal zone of the dentate
gyrus (as anatomically defined (26)). These areas were selected because they are the germinal
zones for cells that will eventually form the hippocampus. The anatomical areas subjected to
laser-capture microdissection (LCM) were the same as the areas used for the assessment of the
protein levels (Figures 1 and 2). For the Ammon’s horn ventricular and subventricular zones,
cells were captured along the basal layers of the hippocampus, facing the lateral ventricles.
Paraffin-embedded sections from the same fetal brains used for the immunohistochemistry
study were used (five fetuses for each condition, CD and CT). Cells were captured on CapSure
HS LCM caps (Arcturus) (Figure 1) and genomic DNA subsequently extracted using a Pico
Pure DNA Extraction Kit (KIT0103, Arcturus) according to the manufacturer’s protocol
(version B), where the incubation with proteinase K was prolonged to 24 hours. For each
sample, 8 captures were performed (2 captures per slide – right and left hippocampus), using
4 consecutive sections. DNA extracted from the captured cells was pooled on a per sample
basis for subsequent bisulfite treatment using an EZ DNA Methylation kit (D5001, Zymo
Research, Orange, CA), according to the manufacturer’s protocol.
CpG island identification, PCR and bisulfite sequencing
The following DNA accession numbers were used to identify possible CpG islands in the
promoter regions of the genes (start and end points of sequences given in brackets, position 1
is the first base of exon 1) : NT_039599 (Cdkn3, -1000 to +288); U66084.1 (promoter region
and exon 1 for Cdkn2b); NT_078575 (Calb2, -1428 to +377). We used on-line MethPrimer
software to identify possible CpG islands and to design specific bisulfite PCR primers (27).
The following CpG islands were identified (start and end points of sequences where position
1 is the first nucleotide of exon 1): Cdkn3, -270 to +232 (502 bp length with 50 CpG sites);
Cdkn2b, 3 consecutive CpG islands with 55 CpG sites (sites 289 to 912 within the U66084.1
sequence); Calb2, -163 to +79 (242 bp length with 29 CpG sites). We numbered CpG sites
sequentially from the 5’ end of the CpG island. The primers used to amplify the bisulfite-treated
DNA were: forward 5’-AGGGATATTTTTTATGTAAGGTTTTTTTT-3’ and reverse 5’-
ACCACAAATCTACCACTCAACCTCC-3’ for Cdkn3, forward 5’-
GGTTTGGGTTAAATAAAGATTTTTGTT-3’ and reverse 5’-
CACACAACCAACACCAAAAAACTACC-3’ for Cdkn2b, forward 5’-
GAGGGAAGGGAAGGTAGGAGTTGTTTT-3’ and reverse 5’-
CCATACCCCTAACCCCTTTACCAAACT-3’ for Calb2. The PCR conditions were: initial
denaturation at 95°C (2 min), 40 cycles of 95°C (40 sec), 57°C (or 64°C for CALB2) for 40
sec, and 68°C (60 sec), and a final extension step at 68°C. The PCR products were purified
using a PCR Purification Kit (Qiagen, Valencia, CA) and sequenced using an ABI 3100 DNA
Sequencer (Applied Biosystems, Foster City, CA, USA) at the University of North Carolina
at Chapel Hill Genome Analysis Facility (http://152.19.68.152/gafsite/Main.asp). The
products were sequenced in both directions using both primers for each PCR product. The
sequences were analyzed using Chromas2.23 software (Technelysium Ptd Ltd, Tewantin, Qld,
Australia). The chromatograms were exported into raw data files where, for each position, the
peak height for each nucleotide is given.
Complete conversion of unmethylated cytosine to thymidine was confirmed as all cytosines
from non-CpG sites were converted to thymidine. We identified unmethylated, methylated and
incompletely methylated CpG sites. The latter sites were identified using the raw data files
where, while the sequence for the wild-type DNA was unequivocally determined, the bisulfite-
modified DNA PCR products presented mixed signals for C and T nucleotides, which indicated
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that in a given sample, a certain CpG site was methylated on some strands but not on others.
For each site in a given sample, we used a modified qualitative scoring system (28) to assess
the extent of cytosine methylation (methylation index) (29): 100 if completely methylated (T
relative peak height < 25% of the C peak height), 50 for sites with mixed signals (T relative
peak height more than 25% of the C peak, and 0 for unmethylated sites (C relative peak height
< 25 % of the T peak height).
Statistics
Student’s t-test (JMP 3.2.6, SAS Institute INC, Cary, NC, USA) was used to determine the
statistical significance of changes between the choline deficient group and controls for
immunohistochemistry studies. Epi Info(TM) 3.3.2 software (http://www.cdc.gov/epiinfo/,
Centers for Disease Control and Prevention, Atlanta, GA) was used for statistical tests
involving the methylation status of CpG islands and for individual CpG sites across treatments
(Bartlett’s chi square test and Kruskal-Wallis test for two groups). To test whether CpG islands
and individual CpG sites were differently methylated between choline deficient and control
samples, we used the Kruskal-Wallis test for two groups. The reasons for using this non-
parametric test were that the outcome variable is a rank or score with only a few categories (0,
50, or 100) and does not allow us to assume a Gaussian distribution for the average of the score;
in addition, Bartlett’s test for inequality of population variances revealed that, for many CpG
sites, the variances were not homogeneous.
RESULTS
Choline deficiency increased protein expression of p15INK4b and Kap cyclin-dependent kinase
inhibitors in the hippocampal ventricular and subventricular zones of E17 fetal brains, while
no changes were found in the dentate gyrus (Table 1 and Figure 2). Interestingly, the sub-
cellular localization of p15INK4b also differed with treatment: control neuroepithelial cells had
most of the p15INK4b protein in the cytoplasm, while protein localization in choline deficient
cells also included the nuclear area (Figure 2). A similar localization pattern was detected for
Kap, where choline deficient-mediated protein over-expression was associated with higher
intra-nuclear distribution (Figure 2). Calretinin protein levels increased in the dentate gyrus
of choline deficient brains compared to controls (Table 1), with calretinin positive cells
restricted to the prime germinal zone and the subgranular zone (Figure 2). This is in agreement
with our previous observations (19). Choline deficiency induced a significant decrease in
global DNA methylation in the Ammon’s horn ventricular and in subventricular zones, whereas
no significant changes were observed in the dentate gyrus (Table 1).
The analysis of CpG islands’ methylation by bisulfite sequencing revealed different patterns
of methylation between ventricular and subventricular zones and dentate gyrus, some of these
being modulated by dietary choline availability (Table 2). We excluded some of the CpG sites
within the Cdkn3 (sites 39 to 50) and Cdkn2b CpG islands (sites 1-8; 33-55) due to the low
reliability of the sequencing. Therefore, the scoring system (see Materials and Methods) was
applied to 38 CpG sites (out of 50) for Cdkn3 and to 24 CpG sites (out of 55) for Cdkn2b. The
entire CpG island of the calretinin (Calb2) promoter was scored. The CpG island within the
Cdkn3 promoter was significantly hypomethylated in the choline deficient ventricular and
subventricular zones, and this change was confined to the first half of the island (Table 2
and Figure 3). Within the Cdkn3 CpG island, sites 5 to 10, and 18 were significantly
hypomethylated in choline deficient brain from the ventricular and subventricular zones, while
site 24 was significantly hyper-methylated in choline deficient brain from these areas. In the
dentate gyrus there were no changes in DNA methylation due to the dietary treatment (map
not shown).
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The overall methylation score of the Cdkn2b promoter did not differ significantly within
treatments (Table 2). The methylation of the same promoter in the dentate gyrus had higher
scores than in the Ammon’s horn ventricular and subventricular zones, regardless of dietary
treatment (Table 2). Conversely, the Calb2 methylation scores for the dentate gyrus were
significantly lower than those for the Ammon’s horn ventricular and subventricular zones,
regardless of dietary treatment (Table 2).
DISCUSSION
We report that maternal dietary choline deficiency induced significant changes in the mouse
E17 fetal hippocampus. In the neuroepithelial layer, choline deficiency significantly increased
the protein expression of p15INK4b and Kap, two important cyclin-dependent kinase inhibitors.
Previous studies performed in various models have indicated that these cell-cycle regulators
inhibit cell proliferation by inhibiting the phosphorylation of cyclin-dependent kinases Cdk2
and Cdk4 (30-32). Previously, we reported that choline deficiency decreased cell proliferation
in neuronal progenitor cells within the Ammon’s horn ventricular and subventricular zones
(11,13). This reduction of cell proliferation was associated with increased apoptosis (13).
Similar results were also reported using primary neurons or neuroblastoma/
pheochromocytoma cells in culture (14,16). Studies performed using cell culture models
suggested that one mechanism responsible for reduced cell proliferation could be increased
expression of cyclin-dependent kinase inhibitors p15Ink4B, p27Kip1 and Kap and subsequent
activation of the retinoblastoma inhibitory pathway (12,16). The studies using LCM captured
cells from fetal brains that we now describe are consistent with this hypothesis. Choline
deficient neuroepithelial cells had more total and nuclear staining for these cell cycle inhibitors
(Figure 2A and 2B); it is the nuclear-distributed cyclin-dependent kinase inhibitors that inhibit
activation of cyclin-dependent kinases and correspondent cyclins (33).
Global DNA methylation was decreased in neuroepithelium of fetuses from choline deficient
mothers, but not in the dentate gyrus. As in the rat (on embryonic day 18) (25), the mouse
neuroepithelia of the hippocampal ventricular and subventricular zones (on embryonic day 17)
are the main sources for cells that proliferate and migrate(34). Thus, our data suggest that cells
that have the potential to proliferate are the most sensitive to maternal dietary intake of methyl-
groups.
Mouse Cdkn3 promoter has a CpG island highly similar to the human CpG island(16). Choline
deficiency induced significant Cdkn3 hypo-methylation in the Ammon’s horn ventricular and
subventricular zones, associated with increased Kap protein expression. A similar pattern exists
for the Cdkn2b promoter, although these changes were not statistically significant.
We report a significant increase of calretinin staining in the dentate gyrus of CD fetuses. These
findings confirm the changes previously reported in choline-deprived neural precursor cells
(35), where the expression of Calb2 was increased. This calcium binding protein is expressed
in mature neuronal cells, thus, this change suggests that choline deficiency increased neuronal
differentiation (19,36). The methylation status of the Calb2 (the gene coding for calretinin)
promoter was higher in the dentate gyrus than in the ventricular and subventricular zones and
this difference was inversely related to protein expression, as no calretinin-positive cells could
be found in the ventricular and subventricular zones (Figure 2). This observation is consistent
with the expected inhibition of gene expression by methylation of CpG islands in its promoter
region. However, we did not observe changes in methylation of CpG islands in Calb2
associated with manipulating dietary choline. Thus, we hypothesize that some other mechanism
is likely responsible for the increase in calretinin protein expression in brains of fetuses from
choline deficient mothers.
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In conclusion, we report that decreased choline availability to mother during development of
fetal brain was associated with changes in DNA methylation that are specific to some CpG
islands and even to specific CpG sites within genes that regulate cell cycling. Moreover,
unknown mechanisms confined these changes to the main proliferation area of the
hippocampus (Ammon’s horn ventricular and subventricular zones). These changes are
associated with increased expression of cyclin-dependent kinase inhibitors. In the primordial
dentate gyrus, decreased choline availability to mother during development of fetal brain was
associated with changes in expression of a marker of cell differentiation, suggesting that timing
of hippocampal development was accelerated. These results provide a reasonable molecular
mechanism whereby decreased choline availability during development of fetal brain causes
life-long changes in memory function.
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Selected hippocampal areas for laser capture microdissection.
1. A general view of the E17 mouse fetal hippocampus. AH denotes the Ammon’s horn
ventricular and subventricular zones; DG denotes the prime germinal zone of the
dentate gyrus.
2. The same section of the hippocampus after cell removal using the Laser Capture
Microdissection (LCM) technique.
3. Two captured areas of Ammon’s horn ventricular and subventricular zones (right and
left, from the same paraffin-embedded section), used for subsequent DNA extraction
and bisulfite sequencing.
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Maternal choline deficiency increased p15INK4b, Kap and calretinin protein levels in the
ventricular and subventricular zones of Ammon’s horn and the dentate gyrus of the
hippocampus in fetal brain.On embryonic day 12 (E12), pregnant C57 BL/6 mice were
randomly assigned to one of the two feeding groups (n = 5/group). The choline-deficient group
(CD) received AIN-76A diet containing no choline chloride, and the control group (CT)
received AIN-76A diet containing 1.1 g/kg choline chloride. All pregnant mice received the
special diets from the morning of day E12 until the morning of day E17 when brains were
harvested and prepared as described in Methods. Fluorescent staining of specific proteins in
CT and CD ventricular and subventricular zones and dentate gyrus was performed as described
in Methods. In CD brains we observed Increased p15INK4b (A) and Kap (B) in ventricular and
subventricular zones (bounded by white arrows). Panel C indicates the distribution of calretinin
within the dentate gyrus (DG), with increased calretinin OD/cell in CD brains. The small inserts
show the nuclear staining for the same areas. Panel D indicates the main areas that were selected
for both protein assessment and gene-specific methylation (delineated by white arrows). AH
denotes the Ammon’s horn ventricular and subventricular zones. DG denotes the prime
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germinal zone of the dentate gyrus The calretinin-positive cells were confined to the dentate-
gyrus (red fluorescent staining) within the hippocampus. Optical density per cell (OD/cell)
were determined by measuring the OD within selected areas, from which background was
subtracted (using the same measurement on correspondent negative slides – see Materials and
Methods). Finally, the computed values were divided by the total number of cells within the
same area, as counted using the images with nuclear staining.
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DNA methylation qualitative scores of the CpG islandd within the Cdkn3, Cdkn2b and
Calb2 promoters in fetal brain.Animals were treated as described in figure legend 2 and laser
capture microdissection (LCM) performed as described in methods. Bisulfite sequencing of
DNA extracted from LCM samples was used to map the methylation status of CpG islands in
Cdkn3, -270 to +232 (502 bp length with 50 CpG sites); Cdkn2b, 3 consecutive CpG islands
with 55 CpG sites (sites 289 to 912 within the U66084.1 sequence); Calb2, -163 to +79 (242
bp length with 29 CpG sites). We numbered CpG sites sequentially from the 5’ end of the CpG
island. Five independent samples were used for each treatment and each hippocampal area.
Each square represents one CpG site within the respective CpG island.Black squares indicate
CpG sites with methylation score of 100; grey squares indicate CpG sites with methylation
score of 50; white squares indicate CpG sites with methylation score of 0 (see Materials and
Methods); AH, Ammon’s horn ventricular and subventricular zones; CDKN3, cyclin-
dependent kinase inhibitor 3 (encodes the Kap). An asterisk at a particular CpG site denotes a
p value of less than 0.05 and statistical significance, between control (CT) and choline deficient
(CD) samples, as determined by the Kruskal-Wallis test for two groups (n=5). AH denotes the
Ammon’s horn ventricular and subventricular zones; DG denotes the prime germinal zone of
the dentate gyrus.
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Table 1
Maternal choline deficiency decreased DNA global methylation and increased expression of p15INK4b, Kap and
calretinin in E17 fetal hippocampus.
Ammon's horn ventricularand subventricular zones Dentate gyrus
Control Choline deficient Control Choline deficient
Global DNA 159.13 ± 6.7a 109.9 ± 13.3b 127.7 ± 20.3a 117.2 ± 12.4amethylation
p15INK4b 166.1 ± 7.9a 220.9 ± 14.9b 151.1 ± 32.5a 171.1 ± 29.2a
KAP 137.8 ± 16.2a 290.3 ± 25.4b 114.3 ± 11.3a 134.1 ± 27.2a
Calretinin ND ND 104.02 ± 4.34a 195.55 ± 5.55b
Pregnant mice were treated and fetal brains prepared as described in Figure 2 legend. DNA methylation and protein expression was assessed using
immunohistochemical methods described in the Methods section. Optical density (OD) was measured by image analysis in selected areas of hippocampus:
Ammon's horn ventricular and subventricular zones and the prime germinal zone of the dentate gyrus (for localization, see Figure 1). The computed values
were divided by the number of cells in the selected areas. Results are expressed as OD mean values ± standard error (SE) of choline deficient and control
samples. ND = not detected.
Values with different superscript letters are significantly different (p<0.05, Students t-test) within each assay.
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Table 2
Effects of maternal choline deficiency on qualitative scores for methylation of CpG islands from gene promoters
Cdkn2b, Cdkn3, and Calb2 in fetal brain.
Ammon's horn ventricular and subventricular zones Dentate gyrus
CpG island Control Choline deficient Control Choline deficient
Cdkn3 35a 20b 13c 147c(CpG sites 1-38)
Cdkn2b 19a 13a 28b 27b(CpG sites 9-32)
Calb2 14a 10b 28c 28c(CpG sites 1-29)
In the same brain areas used for studies in Table 1, cells were captured using laser capture microdissection and, using bisulfite sequencing, CpG sites
within the listed gene promoters were scored according to their methylation status as described in the Methods section. The qualitative methylation score
of the Cdkn3 promoter is significantly lower in choline deficient Ammon's horn compared to control samples. Mean scores (n=5 independent samples)
across the entire sequences are presented. Values with different superscript letters are significantly different (p<0.05, Kruskal-Wallis test for two groups)
within each gene.
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